**Core tip:** The most common factors associated with drug response include age, sex, ancestry, concomitant drugs and liver or kidney diseases and drug pharmacogenetics. In general pharmacogenetics is the study of the variability of the response of a drug related to the complex gene arrays. More recently, the term pharmacogenomics has been introduced. This term in particular is related to omics studies. In recent years, pharmacogenetics that evaluates the drug response to genetic variations has emerged as an important tool for choosing the right therapeutic dose. According to the aim of the Precision Medicare Initiative, pharmacogenomics may contribute to providing the right drug at the right dose for the right patient.

INTRODUCTION
============

Immunosuppressant drugs are known to have a very narrow therapeutic range that characterizes the fact that immunosuppression easily ranges between efficacy and toxicity\[[@B1]\]. As a consequence, therapeutic drug monitoring is recommended during the use of immunosuppressants principally after solid organ transplantation.

The most common factors associated with drug response include age, sex, ancestry, concomitant drugs and liver or kidney diseases and drug pharmacogenetics.

For a better understanding of the content of this review, the terminology used should be better defined.

In general pharmacogenetics is the study of the variability of the response of a drug related to the complex gene arrays. More recently, the term pharmacogenomics has been introduced. This term in particular is related to omics studies. Both terms are often used to highlight the same issue, which is the influence of the genomic pattern on the fate of a drug.

The term pharmacokinetics (PK) is related to the studies that refer to how an organism affects a drug (*i.e*., by different enzymes), while the term pharmacodynamics (PD) is related to the studies that consider how a drug affects an organism influencing targets and metabolic pathways. PK and PD are deeply influenced by the gene variability of an organism.

In recent years, pharmacogenetics that evaluates the drug response to genetic variations has emerged as an important tool for choosing the right therapeutic dose. According to the aim of the Precision Medicare Initiative, pharmacogenomics may contribute to providing the right drug at the right dose for the right patient\[[@B2]\].

Pharmacogenomic studies principally follow two different approaches.

First, the selection of a candidate gene is developed on the basis of the knowledge of the PK and PD pathways\[[@B3]\].

Second, pharmacogenomic studies are based on genome-wide associations, according to which, several single-nucleotide polymorphisms (SNPs) associated with different phenotypes are tested on a large number of patients\[[@B4]\].

In particular, in genome-wide association studies, the association between hundreds of thousands to millions of SNPs and the complex phenotypes is tested in hundreds to thousands of persons. In this way, genome-wide association studies have proved successful in identifying genetic associations with complex traits. This approach was able to identify associations between SNPs and several phenotypes. When a genetic association is found, the next step is to validate the association in an independent study cohort.

Pharmacogenetics may exert an action on immunosuppressant drugs at three levels.

First, pharmacogenetics identifies and studies the genes involved in encoding the proteins involved in drug PK and in encoding the enzymes involved in drug degradation.

Second, pharmacogenetics is relevant in encoding the enzymes and proteins involved in codifying the transmembrane proteins involved in transmembrane passage favoring the absorption and intracellular action of several immuno- suppressants\[[@B5]\].

Finally, a third field of pharmacogenetics concerns the variability of genes encoding the proteins involved as immunosuppressant triggers in the PD pathways\[[@B6]\].

METHODS OF RESEARCH
===================

A systematic search of the literature was performed to identify relevant published studies on the pharmacogenetics of the therapeutic drugs in the field of organ transplantation. All the studies were retrieved from PubMed. The key words used to retrieve the articles were pharmacokinetics, pharmacodynamics, pharmacogenetics, pharmacogenomics, transplantation and immunosuppressant drugs. The eligibility criteria related to the international relevance of the journal were studies published in the past 10 years. Where possible controlled studies and systematic reviews were selected. The references in these studies were also searched for other relevant articles to be included in this review. The main limitations were that few controlled studies and few randomized clinical trials were identified.

The research was limited to drugs currently used in transplantation. As a consequence drugs rarely or no longer used as well as drugs not-longer on the market were excluded.

The aim of this review is to summarize what is actually known about the pharmacogenetics of immunosuppressant drugs which will serve as a clinical tool for physicians involved in the care of transplanted patients.

PHARMACOGENETICS AND CALCINEURIN INHIBITORS
===========================================

Pharmacokinetics of calcineurin inhibitors
------------------------------------------

Both the calcineurin inhibitors (CNIs), cyclosporine (CsA) and tacrolimus (TAC), are metabolized by gastrointestinal and hepatic cytochrome P450 (CYP) 3A isoenzymes, principally CYP3A4 and CYP3A5, while other enzymes of the same family have a reduced influence, such as CYP3A7 and CYP3A43. The main enzyme involved in TAC pharmacokinetics (PK) is CYP3A5, with a lower relevance for CYP3A4\[[@B7]\]. In contrast, CYP3A4 principally metabolizes CsA\[[@B8]\]. Genetic variants concerning genes coding such enzymes have an influence on drug levels and their activity. The main variant is a SNP concerning the intron 3 g CYP3A5 (6986A\>G; rs776746 SNP), better known as CYPA5\*3. The variant codes an enzyme with reduced activity. As a consequence patients homozygous for this variant require a dose lower of TAC than approximately 50%\[[@B9]-[@B11]\].

Genotyping performed at the time of transplantation for the CYPA5\*3 allele is recommended both by the Clinical Pharmacogenetics Implementation Consortium (CPIC)\[[@B12]\] and the study by Haufroid et al\[[@B13]\]. The CYP3A4 polymorphism may influence the PK of TAC. The SNPCYP3A\*22 (rs35599367; c.522-191C\>T) variant in intron 6 has a lower mRNA expression of CYP3A4 with a lower activity\[[@B14],[@B15]\].

CsA is extensively metabolized by CYP3A4. Only one frequent variant in the CYP3A4 locus, namely, \*22 (rs35599367), is associated with reduced enzyme activity\[[@B16]\]. Interestingly, CYP3A4\*22 does not significantly affect kidney graft survival but is associated with a reduced risk of cancer\[[@B17]\].

Several recent studies have shown an association between nephrotoxicity and the graft genotype variant c.3435TT\[[@B18]\].

Two recent meta-analyses\[[@B19],[@B20]\] documented a higher risk of biopsy-proven acute rejection (BPAR) in patient carriers of the CYP3A5\* allele treated with TAC, while this risk was not observed in patients treated with CsA\[[@B21]\].

The fact that patient carriers of the CYP3A5\* allele treated with TAC could have a higher risk of BPAR could look paradoxical. Possible explanations for this are that this derives from meta-analyses and not from controlled studies. In such cases, the TAC dose reduction could be higher than due principally if such reductions are not controlled by TAC blood dosing. In addition, these studies do not take in account other factors influencing the PK of TAC such as age, ethnicity and time from transplantation. Overall, the message from these observations is that it is possibly safer to treat patients carrying these alleles with CsA instead of TAC.

Another study suggested that patients with the CYP3A4\*22 allele and treated with CsA were at higher risk for delayed graft function and worse renal function than noncarriers\[[@B22]\].

In addition to CYP3A polymorphisms, P450 oxidoreductase (POR) polymorphisms may modify the PK of CNIs. Individuals carrying at least one POR\*28 allele need a higher TAC dose than those not carrying the POR\*28 allele. POR homozygosity is associated with higher CYP3A4 activity, but the POR\*28 allele does not seem to be associated with BPAR after TAC or CsA therapy\[[@B23]\].

Two different SNPs in peroxisome proliferator-activated receptor alpha influence CYP3A4 activity\[[@B24]\]. However, the influence of both SNPs seems to be limited to TAC metabolism.

P-glycoprotein and CNIPK
------------------------

*ABCB1* (also called MDR1) is the gene that encodes the P-glycoprotein, which is a transmembrane pump that facilitates drug passage into the cells. In so doing, it facilitates the absorption and metabolism of a drug. The most common and studied SNPs of ABCB1 are rs1128503 (1236C\>T, Gly412Gly), rs2032582 (2677G\>T/A, Ala893Ser/Thr), and rs1045642 (3435C\>T, Ile1145Ile)\[[@B25]\].

Another interesting polymorphism is that concerning the ABCB11199G\>A encoding a SNP located in exon 11 (rs2229109). The role of the SNPs of ABCB1 on the PK of TAC is not clear\[[@B16],[@B26],[@B27]\]. In the case of CsA, lymphomonocytes in peripheral blood demonstrated that patient carriers of the allele variant TT and the SNPs C2435T, G2677T and C1236T have lower ABCB1 activity than noncarriers and this fact could determine a higher intracellular level with a higher risk of drug-related toxicity\[[@B28]\].

Several studies have documented the relationship between ABCB1 SNPs and long-term graft survival. In particular, the allele variant TT in the 3435th position of the *ABCB1* gene is associated with reduced graft function\[[@B29],[@B30]\]. Additionally, the ABCB1 1199G\>A SNP is associated with better renal function\[[@B31]\].

Alteration in CNIs action due to the pharmacodynamic pathways
-------------------------------------------------------------

Recent studies have explored the impact of genetic variants in proteins of the PD pathways targeted by CNIs.

The question of whether genetic variants in the calcineurin pathway have any impact on clinical outcomes has been examined in a study conducted on 381 renal transplant patients\[[@B32]\]. The authors genotyped 13 genes encoding proteins expressed on T cells, in particular, cyclophilin A, *FKBP12*, calmodulin 1-3 isoforms, calcineurin A (α and β subunits, *PPP3CA, PPP3CB*) and β/α subunit (*PP3R1*), nuclear factor of activated T cells (*NFAT 1,2,3*), interleukin-2 (*IL-2*) and the IL-2α-chain receptor (*IL-2RA*). The multivariate analyses did not identify any associations between genetic variants and clinical outcomes. In a further study\[[@B6]\], the same authors performed a review of all the available studies on this issue. The authors concluded that some of these studies are interesting, but their clinical utility remains unclear. Nevertheless, from all the studies analyzed, the authors recognized seven "highly recommended" genes that merit further analysis as potential candidates (Table [1](#T1){ref-type="table"}).

###### 

Candidate single-nucleotide polymorphisms related to the pharmacodynamics pathways of calcineurin inhibitors with quality of evidence of existing data and level of recommendation\[[@B6]\]

  **Drugs**   **Gene**                            **SNP**                           **MAF**                **QOE**   **LOR**
  ----------- ----------------------------------- --------------------------------- ---------------------- --------- ---------
              *PPIA*                              rs8177826, rs6850                 G = 0.033, G = 0.384   C, D      3, 4
  *PPP3CA*    rs45441997, rs3804358rs             G = 0.268, G = 0.133              A, A                   1, 1      
  *PPP3CB*    rs376679                            T = 0.066                         A                      1         
  *PPP3R1*    rs3039851, rs1868402                NA, G = 0.301                     B, A                   2, 1      
  *CALM1*     rs12885713                          T = 0.400                         A                      1         
  *CALM3*     rs150954567, rs3814843, rs3814843   NA, C = 0.358, C = 0.018          A, C, C                1, 3, 3   
  *IL2*       rs2069762, rs2069763, rs6822844     G = 0.232, A = 0.400, T = 0.146   A, B, C                4, 1, 3   

Level of recommendation: 1: Highly recommended candidate; 2: Recommended candidate; 3: Potential candidate; 4: Candidate to exclude. SNP: Single-nucleotide polymorphism; CNI: Calcineurin inhibitor; LOR: Level of recommendation; MAF: Minor allele frequency; NA: Not available; QOE : Quality of evidence.

Table [1](#T1){ref-type="table"} shows the SNPs recommended to be studied in further analyses or because they are linked to transplant outcomes or to other relevant disease.

In order to facilitate further research, the authors have graded the quality of evidence based on the reviews considered. In addition a level of recommendation has been carried out dividing the SNPs in "highly recommended", "recommended", and "potential" candidates for future studies.

rs8177826 and rs6850 should be studied as their variants are related to myocardial infarction due to their atherogenic activity. In addition, rs8177826 variants are associated with nephrotoxicity. rs45441997 is frequent among drug abusers. SNP rs1868402 variants have been found to be linked to a protein characteristic of Alzheimer's disease. rs12885713 is a SNP linked to calmodulin variants and has been studied in several bone diseases. rs3814843 in the G variant significantly increases the risk of ischemic stroke. The SNP promoters for IL-2, rs2069762, rs2069763 and rs6822844 have been found to be associated with several outcomes including type 1 diabetes mellitus\[[@B6]\].

Summary and most relevant findings in CNI PK
--------------------------------------------

TAC is one of the most commonly used immunosuppressants as it provides improved graft survival with respect to CsA\[[@B33]\]. Thus, the vast majority of PK studies have analyzed this drug.

Two large studies have been conducted in France (Tactique trial) and the Netherlands\[[@B34],[@B35]\] to optimize the initial TAC dose using pharmacogenetic testing.

The French randomized trial was conducted on 280 kidney transplant recipients. Patients were divided into two groups: The standard dose group that received 0.2 mg/kg. and the genotype-adapted dose group that received different TAC doses according to the *CYP3A5* variants.

The aim of the study was to obtain a TAC trough concentration in the target range (10-15 μg/L) after 6 doses.

The study concluded that significantly more patients in the genotype-adapted dose arm were in the target range.

A further study from Pallet et al\[[@B36]\] examined the long-term clinical outcome of the French study. After 5 years no difference was found in graft survival, BPAR, renal function or cardiovascular event rates.

The Netherlands trial was conducted on 240 kidney transplants from living donors. In this study, the two groups also received a standard dose or a genotype-adapted dose.

In the Netherlands study\[[@B35]\], the target dose was reached by both groups, and the incidence of BPAR was also similar.

Both studies had several limitations and several strengths (principally in the French study) as referred by the authors themselves (Table [2](#T2){ref-type="table"}).

###### 

Summary of tacrolimus genotype directed randomized controlled trials\[[@B34],[@B35]\]

  **Limitations**                                                                                                                                                                                                                                                                                                                                                          **Strengths**
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  TAC initiated on day 7 (French); Single SNP studied (CYP3A5\*3); Limited genotypic diversity with few CYP3A5\*1/1 carriers (French); Used same dose for CYP3A5\*1/1 and \*1/\*3 carriers (French); Genotype-based dosing did not account for clinical factors; Low risk populations and underpowered for AR; Dosing regimens designed to achieve target of 10-15 ng/mL   Established the safety of genotype directed dosing (both trials); Genotype dosing reduced time to therapeutic (French); Genotype dosing had greater proportion of troughs in range at day 3 and 10 (French); Fewer dose adjustments (French)

TAC: Tacrolimus; SNP: Single-nucleotide polymorphism.

The main limitations in both studies were that only a single SNP was studied, the same dose of TAC was used in both arms and that the studies were conducted in a low risk population.

The most important strength of both studies was that they were able to establish the safety of genotype-directed dosing.

Both studies, although they had some weaknesses (Table [2](#T2){ref-type="table"}), should be considered as essential to our knowledge of TAC pharmacogenetics and for clinical practice. Indeed, as a consequence of these studies, the CPIC published the guidelines for TAC as shown in Table [3](#T3){ref-type="table"}\[[@B12]\]. The CPIC summarized the evidence from the published literature and, taking into account the French and Netherlands studies, provided dosing recommendations for TAC, according to the CYP3A5 genotype.

###### 

Dosing recommendation for tacrolimus based on *CYP3A5* phenotype\[[@B12]\]

  ***CYP3A5* phenotype**                          **Implications for tacrolimus pharmacologic measures**                                                          **Therapeutic recommendations**                                                                                              **Classification of recommendation**
  ----------------------------------------------- --------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------- --------------------------------------
  Extensive metabolizer (*CYP3A5* expresser)      Lower dose-adjusted trough concentrations of TAC and decreased chance of achieving target TAC concentrations    Increase starting dose to 1.5-2 times recommended starting dose. Use therapeutic drug monitoring to guide dose adjustments   Strong
  Intermediate metabolizer (*CYP3A5* expresser)   Lower dose-adjusted trough concentrations of TAC and decreased chance of achieving target TAC concentrations    Increase starting dose to 1.5-2 times recommended starting dose. Use therapeutic drug monitoring to guide dose adjustments   Strong
  Poor metabolizer (*CYP3A5* non expresser)       Higher dose-adjusted trough concentrations of TAC and increased chance of achieving target TAC concentrations   Initiate therapy with standard recommended dose. Use therapeutic drug monitoring to guide dose adjustments                   Strong

TAC: Tacrolimus.

The recommendations are strong as the evidence from these studies is of high quality and the desirable effects clearly outweigh the undesirable effects.

Other factors, such as age, have been documented to influence TAC trough levels and, as a consequence, TAC dosing.

In a study, conducted on more than 2000 patients, Jacobson et al\[[@B37]\] demonstrated that older recipients had higher normalized TAC troughs than younger adults receiving similar TAC doses. Additionally, after normalization for dose and weight, CNI troughs were more than 50% higher in older recipients.

A different approach to analyze the variability of troughs and doses is genomic-wide association studies\[[@B38]\]. Using this approach, Oetting et al\[[@B39]\] analyzed TAC trough levels in Afro-American patients according to the clinical variables and variants in *CYPA4/5* genes. Accordingly, they found that the variations explained by the model increased when considering the clinical variables and the different gene variability (Table [4](#T4){ref-type="table"}).

###### 

Amount of variability in tacrolimus troughs that can be explained in African American model\[[@B39]\]

  **Model**                                                 **Variation of tacrolimus troughs**   **Variation explained by model**
  --------------------------------------------------------- ------------------------------------- ----------------------------------
  Simple time-trend model                                   0.3114                                \-
  Clinical variables                                        0.2497                                19.8%
  Clinical variables + rs776746                             0.1929                                39.1%
  Clinical variables + rs10264272                           0.2495                                19.9%
  Clinical variables + rs41303343                           0.2310                                25.8%
  Clinical variables + rs776746 + rs10264272                0.1845                                40.7%
  Clinical variables + rs776746 + rs41303343                0.1553                                50.1%
  Clinical variables + rs776746 + rs10264272 + rs41303343   0.1436                                53.9%

In a very recent study, Mohamed et al\[[@B40]\] conducted an observational, prospective, multicenter study on 2595 kidney transplant recipients of European, African, Native Americans and Asian ancestry, and studied TAC troughs, doses and genetic determinants of metabolism. In particular, they studied well-known variants and conducted a *CYP3A4/5* genome-wide analysis to identify new variants.

Daily doses and dose-normalized troughs were significantly different across the groups and this was related to the genetic variants (Figure [1](#F1){ref-type="fig"}, Table [5](#T5){ref-type="table"})\[[@B40]\].

![Allele frequencies of known variants among the four ancestry groups.](WJT-10-90-g001){#F1}

###### 

Tacrolimus doses and concentrations by ancestry in the first 6 mo posttransplant\[[@B40]\]

                                                                            **Native American, *n* = 77**   **Asian ancestry, *n* = 91**   **European ancestry, *n* = 1966**   **African American, *n* = 461**   ***P* value**
  ------------------------------------------------------------------------- ------------------------------- ------------------------------ ----------------------------------- --------------------------------- ---------------
  Trough concentration (ng/mL)                                              8.3                             8.4                            8.4                                 6.9                               \< 0.0001
  Total daily dose (mg)                                                     5.0                             6.0                            5.0                                 8.0                               \< 0.0001
  Dose-normalized trough concentration (ng/mL per total daily dose in mg)   1.73                            1.50                           1.56                                0.78                              0.0001

Genetic modification of the P-glycoprotein also plays an important role in the PK of CNIs. Modifications of the *ABCB1* gene are associated with reduced or improved renal function\[[@B29]-[@B31]\].

Studies on the relevance of genes encoding the trigger proteins of CNIs are interesting, but their clinical utility remains unclear.

PHARMACOGENETICS OF MAMMALIAN TARGET OF RAPAMYCIN INHIBITORS
============================================================

Pharmacokinetics of mammalian target of rapamycin inhibitors
------------------------------------------------------------

The two main drugs belonging to this group, namely, sirolimus and everolimus, are principally metabolized by the enzymes encoded by the *CYP3A* family genes\[[@B41]\]. In particular, a low ratio between mammalian target of rapamycin inhibitors (mTORI) concentrations and doses has been observed in patients with CYP3A5\*1 (CYP3A5 expressers) with respect to patients with CYP3A5\*3/\*3 (nonexpressers) suggesting that the latter need lower mTORI doses\[[@B41],[@B42]\]. Carriers of CYP3A5\*1/\*1 have a faster hepatic metabolism and need higher doses than noncarriers\[[@B43],[@B44]\]. An important limitation of these studies is that the results described have been found only for sirolimus and only for patients not on CNI therapy\[[@B45]\].

Recently, other polymorphisms have been described such as CYP3A4\*22, POR\*28 and peroxisome proliferator-activated receptor alpha, but none of these appear to have any impact on mTORI metabolism\[[@B46]\].

Considering all the mentioned studies, no association between the genotypes and clinical outcomes was found. In summary, these reports suggest that the CYP3A5\*3 genotype has a potential role in the PK of mTORIs, but there is no evidence to justify prospective genotyping of CYP3A5 in renal transplantation.

Similar results are seen with the CYP2C8 polymorphism. CYP2C8 is expressed on hepatocytes, but it seems to have only a minor role in the PK of mTORIs.

ABCB1 polymorphisms and the PK of mTORIs
----------------------------------------

ABCB1 influences mTORIs intestinal absorption and passage into T lymphocytes.

Studies on the effect *of ABCB1* SNPs on mTORI concentrations are contradictory. Two studies on patients with renal transplantation\[[@B43],[@B47]\] did not show any association between the ABCB1 c.3435C\>T SNP and the mTORI dose. Another study\[[@B48]\] found that Chinese patients carrying the ABCB1CGC/CGC haplotype require a lower dose of sirolimus. ABCB1 does not seem to exert any pharmacogenetic effect on the PK of mTORIs. The drawback of these studies is that the mTORI concentrations in T lymphocytes have never been studied.

Alterations in mTORI action due to the pharmacodynamic pathway
--------------------------------------------------------------

Among the most relevant genes involved in mTORI activity, *MTOR, RAPTOR* and *RPS6KB1* have been principally studied. These genes encode mTOR, the regulatory associated protein of mTOR (Raptor) and the phosphatidyl-inositol 3 kinase-p70 ribosomal 6S protein kinase (p70S6 kinase).

Variants in *mTOR, RPS6KB1* and *RAPTOR* have been analyzed in one study involving 179 patients\[[@B49]\].

A significant relationship was found between 5 SNPs of mTOR (rs1770345, rs2300095, rs2076655, rs1883965 and rs12732063) and hemoglobin levels. None of these variants was associated with renal outcomes or other mTORI-related side effects.

On the basis of a literature review\[[@B6]\], some of the variants shown on Table [6](#T6){ref-type="table"} are highly recommended candidates for further studies.

###### 

Candidate single-nucleotide polymorphisms related to the pharmacodynamics pathways of mammalian target of rapamycin inhibitors with quality of evidence of existing data and level of recommendation\[[@B6]\]

  **Drugs**         **Gene**   **SNP**     **MAF**     **QOE**   **LOR**
  ----------------- ---------- ----------- ----------- --------- ---------
  mTOR inhibitors   *mTOR*     rs2024627   T = 0.270   A         1
                               rs2295080   G = 0.308   A         1
                               rs1883965   A = 0.288   B         1
                               rs1057079   G = 0.243   C         3

Level of recommendation: 1: Highly recommended candidate; 2: Recommended candidate; 3: Potential candidate; 4: Candidate to exclude. SNP: Single-nucleotide polymorphism; mTORI: Mammalian target of rapamycin inhibitors; LOR: Level of recommendation; MAF: Minor allele frequency; QOE: Quality of evidence.

rs2024627 variants are associated with a decrease in *mTOR* mRNA expression as well as rs2295080. Variants of rs1883965 have been found to be associated with decreased hemoglobin levels.

Summary of the most relevant findings in the PK of mTORIs
---------------------------------------------------------

Overall, to date, there are poor data documenting the relevance of the pharmacogenetics of mTORIs on clinical outcomes.

Only CYP3A5\*3 seems to have an impact on clinical outcomes, but only in renal transplant patients not treated with CNI.

PHARMACOGENETICS OF MYCOPHENOLIC ACID
=====================================

Mycophenolate mofetil (MMF) is a prodrug that is rapidly transformed into mycophenolic acid (MPA), which acts as a selective, powerful, noncompetitive inhibitor of the enzyme inosine monophosphate dehydrogenase (IMPDH), which has a key role in the *de novo* synthesis of guanosine nucleotides that are essential for B and T lymphocytes.

Pharmacokinetics of MPA
-----------------------

The hepatic enzyme UDP glucuroniltransferase (UGT), in particular UGT1A9, is principally involved in the PK of MPA.

Several studies have documented that two SNPs, namely, UGT1A9 -2152C\>T (rs17868320) and UGT1A9 -275T\>A (rs6714486) are associated with reduced MPA levels\[[@B50]-[@B52]\].

A further study conducted by van Schaik et al\[[@B53]\] demonstrated that these SNPs were associated with lower MPS levels and a higher risk of acute rejection.

Other studies have documented that another UGT1A9 SNP, -98T\>C (or UGT 1A9\*3), is associated with higher MPA levels\[[@B54],[@B55]\].

As the SNP UGT1A9\*3 is present in less than 5% of patients, these studies should be evaluated with caution as they have been conducted on a very small number of patients.

Other studies have reported the association of the genetic variants of *UGT1A8* and *UGT2B7* and the incidence of side effects due to MPA such as diarrhea and hematological complications\[[@B56],[@B57]\].

These studies have not been confirmed, and this relationship is still unclear.

Drug transporting protein polymorphisms and the PK of MPA
---------------------------------------------------------

Two main genes are responsible for MPA transport in the enterohepatic circulation, *ABCC2* and *SLCO1B1*.

SNPs in *ABCC2*, in particular -24C\>T, have been studied, but no association with the PK of MPA, BPAR or gastrointestinal side-effects has been found\[[@B53],[@B54],[@B58]-[@B60]\].

No SLCO1B1 SNPs have been found to be associated with the PK of MPA\[[@B61]\].

In one of these studies, Michelon et al\[[@B60]\] found that recipient carriers of the *SLCO1B1\*15* (521T\>C) allele have fewer MPA-related side effects.

The influence of *SLCO* genotypes on the PK of MPA has been examined in different studies\[[@B61],[@B62]\]. The results of these studies were different and controversial. To date, the influence of *SLCO* genotypes on the PK of MPA remains unknown.

Alterations in MPA activity due to pharmacodynamic pathways
-----------------------------------------------------------

The mechanism of action of MPA involves the inhibition of the rate-limiting enzyme in *de novo* purine synthesis, IMPDH. Two isoforms of IMPDH have been identified, IMPDH1 and IMPDH2\[[@B63]\]. A large number of genetic variants of both enzymes have been identified. Similarly, different SNPs have been identified\[[@B64]-[@B67]\]. IMPDH1 is normally expressed in most cells, including lymphocytes. After lymphocyte activation, the IMPDH2 isoform is up-regulated. Although some genetic isoforms occur with a very low frequency and do not seem to have any effect on enzyme activity\[[@B68],[@B69]\], others have been studied more extensively.

Glander et al\[[@B70]\] demonstrated an association between high pretransplant activity of IMPDH and posttransplant acute rejection. These patients require a higher MPA dose to obtain satisfactory immunosuppression. The opposite occurs in patients with lower pretransplant IMPDH activity.

A study by Wang et al\[[@B67]\] in 191 kidney transplant patients showed that SNP rs2278293 and SNP rs2278294 at the level of intron 7 of the *IMPDH1* gene are associated with a higher BPAR rate one year posttransplant\[[@B71]\].

In another study on 237 renal transplant patients from the Cyclosporine Avoidance Eliminates Serious Adverse Renal toxicity study (CAESAR)\[[@B72]\], an OR of 3.39 was found for BPAR in carriers of the 3757T\>C allele of the *IMPDH2* variant rs11706052.

Other studies have not confirmed this finding\[[@B73]\]. The study conducted by Shah et al\[[@B74]\] on 1000 renal transplant patients did not document any association between *IMPDH* variants, the risk of BPAR and graft survival.

In summary, even if controversial data do exist on the role of *IMPDH2* rs11706052, it is still a highly recommended candidate for further studies as it was found to be associated with a risk of BPAR, but this has not been confirmed.

Less clear is the role of *IMPDH1* rs2278294 and rs2278293 even if they have been found to be associated with a decreased risk of BPAR. The study by Shah et al\[[@B74]\] suggests that these variants should not be considered in the future (Table [7](#T7){ref-type="table"}).

###### 

Candidate single-nucleotide polymorphisms related to the pharmacodynamics pathways of mycophenolic acid with quality of evidence of existing data and level of recommendation\[[@B6]\]

  **Drugs**           **Gene**   **SNP**      **MAF**     **QOE**   **LOR**
  ------------------- ---------- ------------ ----------- --------- ---------
  Mycophenolic acid   *IMPDH2*   rs11706052   G = 0.115   A         1
                      *IMPDG1*   rs2278293    A = 0.431   C         4
                      *IMPDH1*   rs2278294    A = 0.323   C         4

Level of recommendation: 1: Highly recommended candidate; 2: Recommended candidate; 3: Potential candidate; 4: Candidate to exclude. SNP: Single-nucleotide polymorphism; MPA: Mycophenolic acid; IMPDH: Inosine monophosphate dehydrogenase; LOR: Level of recommendation; MAF: Minor allele frequency; QOE: Quality of evidence.

CONCLUSION
==========

A correct understanding of immunosuppressant use has a clear impact on allograft and patient survival rates. Several studies have demonstrated that the immunosuppressant dose has a relevant role in reducing chronic graft damage.

Unfortunately, to date, clear conclusions may be drawn only for those drugs that are metabolized by CYP3A5. The influence of CYP3A5\*3 and CYP3A4\*22 has been clearly documented for TAC dosing in kidney, liver and heart transplant patients. Even if, in a recent study on TAC, the final multiple linear regression model that included CYP3A5, CYP3A4 and age explained only 18.3% of the interindividual variability of TAC trough concentrations\[[@B75]\], the French National Network of Pharmacogenetics\[[@B76]\] recommends genotyping for CYP3A5 before kidney, heart and lung transplantation.

It should be understood that pharmacogenetics is still in its early stages in the setting of renal transplantation.

Single studies have been able to document a well-defined relationship between several SNPs and clinical outcomes (Table [8](#T8){ref-type="table"})\[[@B67],[@B73],[@B77]-[@B79]\]. However, these genes have not been validated by other studies, and these genes as well as other genes that have been described in this review are only recommended candidates for future studies (Table [9](#T9){ref-type="table"})\[[@B80]\].

###### 

Studies documenting the association between some single-nucleotide polymorphisms and transplant outcomes\[[@B67],[@B73],[@B77]-[@B79]\]

  **Drug**   **SNPs**      **Patients (*n*)**   **Outcomes**     **OR**   **CI**       ***P* value**
  ---------- ------------- -------------------- ---------------- -------- ------------ ---------------
  CNI        rs2069762TT   50                   CAN              4.57     1.04-20.11   0.044
  CNI        rs8177826     290                  Nephrotoxicity   3.49     1.47-8.24    0.006
  CNI        rs2069762     90                   AR               6.3      1.8-22.15    0.005
  EC-MPS     rs11706052    237                  AR               3.39     1.42-8.09    0.006
  EC-MPS     rs2278293     191                  AR               0.34     0.15-0.76    0.008
  EC-MPS     rs2278294     191                  AR               0.40     0.18-0.89    0.02

OR: Odds ratio; CI: Confidence interval; AR: Acute rejection; SNPs: Single-nucleotide polymorphisms; EC-MPS: Enteric coated mycophenolate sodium.

###### 

Association of variant *ADME* genes to pharmacokinetics of selected small molecule immunosuppressants\[[@B80]\]

  **Drug**            **Phase I enzymes**   **Phase II enzymes**   **Uptake transporters**   **ABC transporters**                                                 
  ------------------- --------------------- ---------------------- ------------------------- ----------------------- --------------------------------- ---------- ----------------------------------
                      CYP3A4                CYP3A5                 UGT1A9                    OATP1B1/3               ABCB1                             ABCC2      IMPDH I/II
                      rs35599367            rs776746, rs10264272   rs17868320, rs6714486     rs41490556, rs4149117   rs1128503, rs2032582, rs1045642   rs717620   rs2278293, rs2278294, rs11706052
                                                                                                                                                                  
  Mycophenolic acid   \-                    \-                     \+                        (+)                     \-                                (+)        \+
  Cyclosporine        (+)                   \-                     \-                        \-                      (+)                               \-         \-
  Tacrolimus          \+                    ++                     \-                        \-                      (+)                               \-         \-
  Sirolimus           (+)                   \-                     \-                        \-                      \-                                \-         \-

IMPDH: Inosine monophosphate dehydrogenase.

The development of omics techniques could, in the future, have a relevant role in choosing the right dose for the right patient.

More work is required in organ transplant populations, other than the kidney transplant population, with a particular focus on high-risk populations such as African Americans.

The use of a dose algorithm should be performed taking in account all the relevant variants such as age or race. Indeed, the future of pharmacogenetics will rely on models in which patient characteristics will be combined with the polymorphisms in multiple genes. This will give more information than the few genes studies performed up to now.

Concerning the future of pharmacogenomics in transplantation, the following suggestions should be included in relation to care: (1) More work should be done in other organ transplant populations, principally liver; (2) More light should be shed on high risk populations such as African Americans; (3) A careful account of all the relevant race specific variants should be carried out; and (4) Use of genetic variants known to be important for therapy management beyond immunosuppression.
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